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Introduction

17
Servo motors are a kind of widely used driving motors in the industry applications 18 [1] . To achieve high precision motion control of such mechanisms, it is essential to 19 derive accurate model of the whole systems. However, this is not a trivial task. In 20 practical applications, the uncertainties that degrade the motion control performance 21 include both internal and external disturbances such as friction, load, torque, and 22 also modeling error. To handle such uncertainties and disturbances, there are two 23 widely used approaches: adaptive control and disturbance observer. In the adaptive 24 control framework, e.g., [2, 3] , an important assumption is that the unknown 
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25
dynamics should be strictly reformulated as a linearly parameterized form. To relax 26 this assumption, some functional approximators, e.g., neural network, fuzzy system, 27 were further incorporated into the control synthesis of nonlinear servo motion 28 mechanisms [4] [5] [6] . However, the function approximation is only valid for contin-29 uous functions in a compact set, and only semi-global stability can be proved.
30
In the past decades, disturbance observer (DOB) [7, 8] structure. In generic nonlinear DOB design, an observer has a similar structure to 38 original system and there are several parameters to be set. In our recent work [10] , 39 we proposed a simply yet effective UIO to address the engine torque estimation.
40
The convergence and robustness are also rigorously analyzed.
41
The aim of this paper is to exploit the idea of UIO proposed in [10] disturbance observer (NDO) [13] , and sliding model observer [14] . The proposed UIO is incorporated into the control design to alleviate the effects of these unknown 
Problem Formulation
51
In this paper, the following servo motion system driven by a linear DC motor as 52 [15] will be considered as follows:
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64
Disturbance Observer Design
65
We first consider the estimation of the unknown dynamics using the unknown input 66 observer. Thus, we rewrite the second equation of the system (1) as We define the filtered variables x 2f , u f of x 2 , u as
81
where k > 0 is a filter parameter.
82
An ideal invariant manifold [16] will be used to inspire the design of UIO.
83
Lemma 1 [10] Consider system (2) and filter operation (3), the variable
86 86
87
is ultimately bounded for any finite k > 0, and
Proof We refer to [10] for a similar proof. ◇
92
The above ideal invariant manifold provides a mapping from the filtered vari-93 ables x 2f , u f to the unknown dynamics F. Thus, it can be used to design an estimator
94
for F without knowing any information of x2. Based on the invariant manifold, a 95 feasible estimator of Fðx 1 , x 2 Þ is given by
98 98
99
Clearly, only the filter constant k > 0 should be selected by the designer.
100
The convergence property of the proposed observer can be summarized as 101 
Theorem 1 For system (2) with unknown input observer (5), the estimation error
102 e F = F − b F is bounded by e F ðtÞ j j≤ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi e 2 F ð0Þe − t ̸ k + k 2 ℏ 2 q and thus F → b F holds for 103 k → 0 or ℏ → 0.
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Proof We apply a low-pass filter ð ⋅ Þ f = ½ ⋅ ̸ ðks + 1Þ on both sides of (2), so that
We consider (6) together with the first equation of (3) and have
111 111 112 where F f is the filtered version of F given by kFḟ + F f = F. Then it follows from (5) 113 and (7) that b F = F f , that is, the estimator gives the filtered version of the unknown 114 dynamics. In this case, we can prove that the estimation error can be small using 115 sufficiently small k. For this purpose, we derive the estimation error as
118 118
119
To facilitate the convergence proof, we further represent the estimation error (8)
120
in the time-domain as
123 123
124
Select a Lyapunov function as V = 1 2 e 2 F , then its derivative can be given as
127 127
128
We can calculate the solution of (10) 
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where c t ð Þ = Ḟis assumed to be bounded. Thus we can design an ESO as which may not be available or measured in actual systems.
163
To address this issue, we design an auxiliary variable z = F̂+ Lbx 2 , and then 164 design the following NDO as
168
Then the observer error is derived from (14) as
It is interesting to find that the error dynamics of NDO shown in (15) reduce the chattering, a low-pass filter is adopted to give the following estimator: 196 196 197 In this case, we can verify the estimator error of (18) In this section, we will incorporate the proposed UIO into the control design for (1) 206 to achieve output tracking for a given command x 1d . System (1) with the estimator
207
(5) can be given as
U N C O R R E C T E D P R O O F
211
We define an auxiliary variable defined as where e is the tracking error as e = x 1 − x 1d , and k 2 is a positive constant.
216
Then we get the derivative of p as
219 219
220
The controller can be designed as
223 223
224
where k 1 > 0 is the feedback gain.
225
Then the following theorem summarizes the main results of this paper: where α = min and this implies that p and e F will exponentially converge to a compact set defined where ω = 2π ̸P = 314 and φ = 0.05π. The friction model is given as 
